Vitellogenesis in Wenyonia virilis was examined by transmission electron microscopy (TEM), including the cytochemical detection of glycogen at the ultrastructural level with the periodic acid-thiosemicarbazide-silver proteinate (PA-TSC-SP) technique. Mature vitelline follicles have cells in various stages of development, progressing from immature cells of gonial type near the periphery of the follicle to maturing and mature vitellocytes towards the centre. Maturation is characterized by: (1) increase in cell volume; (2) increase in nuclear surface area restoring the N/C (nucleo-cytoplasmic) ratio; (3) nucleolar transformation; (4) extensive development of parallel cisternae of GER, the shell-protein producing units; (5) development of Golgi complexes, engaged in shell-granule/shell-globule formation and packaging; (6) synthesis and storage of glycogen in the cytoplasm; (7) simultaneous, independent formation and storage of intranuclear glycogen; (8) continuous fusion of small shellgranules into larger shell-globules and fusion of these into large shell-globule clusters with a progressive increase in the number and size of the latter; and (9) disintegration of GER in the medial layer of vitellocyte cytoplasm, degenerative changes and accumulation of glycogen and shell-globule clusters within the cytoplasm. The functional significance of numerous shell-globule clusters and the relatively small amount of nuclear and cytoplasmic glycogen is analysed. Unlike vitellogenesis of other caryophyllids, the nuclear glycogen of mature vitellocytes in W. virilis is randomly dispersed in the nucleoplasm and never forms a high central accumulation, the so-called "nuclear vacuole". The nutritive function of vitellocytes appears greatly reduced in W. virilis, a fact perhaps related to the intrauterine development of the early embryos. The ultrastructure of vitellogenesis in W. virilis is compared with that in other lower cestodes, both monozoic and polyzoic. Conclusions concerning interrelationships of the vitellogenesis pattern of the ultrastructural cytochemistry of mature vitellocytes of W. virilis to intrauterine embryonation, absence of uterine glands and an extensive uterus characteristic for this species, are drawn and discussed.
Introduction
A rather limited amount of information is available on the ultrastructure and cytochemistry of cestode vitellogenesis (for review see Xylander 1998, 2000; Świderski et al. 2004a) . Of caryophyllidean cestodes, only the following three species have been examined in this respect: Glaridacris catostomi Cooper by Świderski and Mackiewicz (1976) , Khawia armeniaca (Cholodkowski) by Świderski et al. (2004a) and Caryophyllaeus laticeps (Pallas) by Świderski et al. (2004b) .
Ortner-Schönbach (1913) first described vacuolated nuclei and their function as glycogen reserves in his light microscope study of the vitellocytes of C. laticeps. Subsequent light microscopical studies (Mackiewicz 1968 ) confirmed these observations on C. laticeps and established that vacuolated nuclei also functioned as glycogen reserves in the vitellocytes of Caryophyllaeides fennica (Schneider). The "nuclear vacuole" of vitellocytes has since been found in over 50 species of the Caryophyllidea and thus it appears to be a diagnostic feature of that order of cestodes (Mackiewicz 2003) . Such a vacuole has not been reported from any other cestodes. Transmission electron microscopical study (TEM) of vitellogenesis in G. catostomi, K. armeniaca and C. laticeps has confirmed a presence of large amounts of both nuclear and cytoplasmic glycogen (Świderski and Mackiewicz 1976; Świderski et al. 2002 , 2004a . The presence of intranuclear glycogen inclusions in normal cells of vertebrates or invertebrates is rare, generally being reported only in pathological cells of human liver, a chicken ascites, and Ehrlich ascites tumors (for reviews see Karasaki 1971 Karasaki , Świderski et al. 2004a .
Unlike the majority of other caryophyllideans, W. virilis has unusual systematic, morphological and developmental characteristics (Miquel et al. 2008) . Recent cladistic analysis of the phylogenetic relationships of all monopleuroid cestodes found that Wenyonia, along with Hunterella Mackiewicz et McCrae, formed a sister group with gyrocotylideans rather than with the monophyletic group of caryophyllideans (Oros et al. 2008) . The combination of having a rugomonobothriate scolex and gonopores in the pre-equatorial position sets it apart from all other caryophyllid genera. Perhaps of more significance, uterine glands are absent (Woodland 1926 , Oros et al. 2008 , eggs may begin embryonation in utero (Woodland 1926 ) and larval development "... exhibits less of a tendency toward progenesis than of any other caryophyllid" (Ibraheem and Mackiewicz 2006: p. 56) . Nothing is known, however, whether the pattern of vitellogenesis in Wenyonia is different from that of other caryophyllids.
The purpose of the present TEM study, is to describe the ultrastructural and cytochemical aspects of vitellogenesis in W. virilis, with particular emphasis on vitellocyte differentiation, nuclear and cytoplasmic glycogen synthesis and shellglobule formation, and to compare it with vitellogenesis in Glaridacris, Khawia, Caryophyllaeus, and Caryophyllaeides.
Materials and methods
Adult specimens of the caryophyllidean cestode Wenyonia virilis Woodland, 1923 were recovered from the intestine of catfish Synodontis schall (Bloch and Schneider, 1801) collected by fisherman in the Nile River at El-Minia, Upper Egypt.
Specimens for light microscopy were cleaned in 0.75% saline, fixed in Bouin's fluid, embedded in paraffin, stained with haematoxylin and eosin or Mallory's triple stain and serially ectioned at 5 µm thickness.
Specimens for electron microsopy were freshly removed from the intestine, cut into small pieces, fixed immediately in ice cold 3% glutaraldehyde in sodium cacodylate buffer (pH 7.4) for 3-8 h, followed by 3 changes of cacodylate buffer and postfixed in 1% OsO 4 for 2 h. The material was dehydrated in graded alcohol series and embedded in Spurr's epoxy resin. The ultrathin sections were cut using a Leica Ultracut UCT ultramicrotome, placed on copper grids and double-stained with uranyl acetate and lead citrate. The grids were examined in a JEOL 1010 transmission electron microscope operated at 80 kV.
The periodic acid-thiosemicarbazide-silver proteinate (PA-TSC-SP) technique of Thiéry (1967) was applied in order to determine the specific localisation of glycogen at the ultrastructural level.
Results
The vitelline system of W. virilis consists of a well developed system of many oval, round and/or lobate vitelline follicles that vary in size and are arranged in lateral rows in the medullary parenchyma; the smallest follicles occur mainly in the neck region and the largest are near the cirrus sac. An extensive region of postovarian vitelline follicles is also present in this species. Small vitelline ducts interconnect the follicles, forming two large lateral ducts that are joined by a large transverse duct that is enlarged to form a vitelline reservoir near the ovarian commisure.
Each Immature vitellocytes (Figs 1 stage I, 2, 3, 5) represent the undifferentiated cells of gonial type which are precursors of mature vitellocytes. The size of the entire cell in this stage varies between 3-7 µm, while the nucleus measures about 2-4 µm in diameter. These elongated cells show a high nucleo-cytoplasmic ratio (N/C). Their elongated, slightly lobate nuclei have very prominent electron-dense nucleoli surrounded by large irregular chromatin islands adjacent to the nuclear membrane. Quite frequently, immature vitellocytes with nuclei containing two large, spherical nucleoli have been observed on ultrathin sections (Fig. 3 , left lower corner). Their granular cytoplasm is very rich in a high concentration of free ribosomes and polysomes, and have a few profiles of granular endoplasmic reticulum in the perinuclear region and several small mitochondria randomly dispersed in the centre and around the cell periphery.
Maturing vitellocytes. Vitellocyte maturation may be characterised as a period of very high secretory activity ( . In addition, free ribosomes become also very abundant in the cytoplasmic matrix (Fig. 7) . There is no smooth endoplasmic reticulum. Both number and size of mitochondria also increase and some of them are situated in close proximity to the GER (Figs 1, 7) . Thiery (1967) for specific cytochemical detection of glycogen. Note: (a) small number of mainly β-glycogen particles dispersed in the nucleoplasm (Figs 8-10); (b) a moderate accumulation of both α-glycogen rosettes and β-glycogen particles in the perinuclear region of cytoplasm situated between shell-globule clusters (Fig. 10) . Inset: high magnification of α-glycogen rosettes of the cytoplasmic glycogen situated between shell-globule clusters At the same time oocurs a progressive increase of nuclear surface area resulting from the formation of numerous lobes and infoldings, that restores the nucleo-cytoplasmic ratio (Figs 2-4). In the final stage of maturation, the nucleus appears as a large lobated structure occupying one pole of the vitellocyte cytoplasm and it is limited by a nuclear envelope perforated by numerous nuclear pores (Figs 1 stage II-III, 4, 9 ). In the nucleoplasm, there is a large homogeneously electron-dense nucleolus and small clumps of condensed chromatin that are often adjacent to the nuclear envelope (Figs 4, 8, 9) . The large increase in nuclear surface area is accompanied by a nucleolar transformation. The initially homogeneous nucleolus, observed in the immature cells, becomes gradually heterogeneous and finally disappears in mature vitellocyte (Figs 1 stage IV, 4, 10) . Intranuclear glycogen appears first in the form of β-type particles, measuring 200-300 Å, often slightly irregular in outline, which surround the clumps of flocculant material within the nucleoplasm (Figs 8-10 ). The number of β-type particles increases rapidly. In some parts of the nucleoplasm they form aggregates, grouped into small glycogen islands (Fig. 10 ) dispersed in the nucleoplasm, while in other regions they remain as individually scattered β-type particles (Fig. 9) . The nucleoplasm within the glycogen islands disintegrates and appears on the micrographs as regions of a moderate electron-density (Fig. 10) .
Initial stages of shell-globule synthesis appear in the Golgi complex. The number and size of Golgi vesicles increases progressively. A few small Golgi complexes, composed of minute vesicles, have been noticed in the middle stage of maturation (Figs 1 stage II-III, 7) . With the extensive development of the GER and Golgi complex, an intimate association between the two systems develops in some regions (Fig. 7) . The secretory granules of Golgi origin contain the protein precursor of shell material and represent the earliest stage of shell-globule formation. As shown on Figure 7 , the smallest, membrane-bounded granules progressively undergo changes in size and electron-density as they are transformed into shell-globules that continue to enlarge and finally fuse together, forming a large shell-globule cluster.
As maturation progresses, there is the formation and storage of cytoplasmic and nuclear glycogen (Figs 1 stage III-IV,  8-11 ). Normally in animal cells, glycogenesis takes place in the smooth endoplasmic reticulum, however, the vitellocytes of W. virilis are a rare example of glycogen formation and storage in the absence of smooth endoplasmic reticulum. In addition, not only do cytoplasmic and nuclear glycogenesis occur almost simultaneously but also the ultrastructural aspects of both are generally similar to each other. In the early phase, a small number of β-glycogen particles appear first as dispersed granules within the cytoplasmic matrix and are visible somewhat later in the nucleoplasm (Figs 8, 9 ). Later, β-glycogen particles accumulate into several small "glycogen islands" (Fig. 10) , separated from the granular cytoplasm and adjacent to shell-globules and shell-globule clusters (Figs 10, 11) . Among the predominant β-glycogen particles, a very limited number of α-glycogen rosettes can be observed (Fig. 1 stage III-IV, 8-11, including insets). In the advanced stages of cytoplasmic and nuclear glycogenesis, enlarged glycogen islands become progressively fused together forming larger Fig. 11 . Results of the modified, reinforced test of Thiery with prolonged treatment of ultrathin sections with PA-TSC-SP showing numerous α-glycogen rosettes localised among individual shell-globules and around shell-globule clusters. Inset: detail of the cytoplasmic α-glycogen rosettes masses that occupy almost the entire volume of cytoplasm (Figs 1-3, 9-11 ). The remaining granular cytoplasm with GER and several mitochondria become displaced by the massive accumulation of glycogen (Figs 3-8) .
Mature vitellocytes. The final stage of maturation are elongated cells measuring between 20-22 µm in length and 10-17 µm in width (Figs 1 stage IV, 4-6) . The cytoplasm is packed with a great number of large shell-globule clusters and a moderate amount of α-glycogen rosettes and β-glycogen particles that surround both individual shell-globules and shell-globule clusters (Figs 10, 11) . The remaining granular cytoplasm is limited to the perinuclear and peripheral regions and still contain extended areas of GER and several mitochondria (Figs 1 stage IV, 4, 5, 10, 11). The irregularly shaped, lobate nuclei (Figs 1 stage IV, 4, 10) usually have no nucleoli and their moderately electron-dense nucleoplasm show randomly dispersed α-glycogen rosettes and β-glycogen particles (Figs 10, 11 ). Sometimes these particles are grouped into very small "glycogen islands" (Fig. 10) , but the distinct, so-called "nuclear vacuoles", characteristic of mature vitellocytes of other caryophyllidean species, have never been observed in the vitelline follicles of W. virilis.
Discussion
The general pattern of vitellogenesis, ultrastructure and chemical composition of the mature vitelline cells of W. virilis resembles those described for G. catostomi, K. armeniaca and C. laticeps by Świderski and Mackiewicz (1976) and Świ-derski et al. (2002; 2004a, b) . There are important and significant differences, however. The main differences in the mature vitellocyte are: a much smaller amount of both cytoplasmic and nuclear glycogen and a complete lack of the so-called "nuclear vacuole" (Table I ). This "nuclear vacuole" has not been reported from the other monopleuroid cestodes, Amphilina and Gyrocotyle, nor the polypleuroid Cyathocephalus or any strobilate cestodes of the Protocephalidea, Pseudophyllidea, Cyclophyllidea or Tetraphyllidea (Wiśniewski 1932 , Mackiewicz 1981 , Świderski and Xylander 2000 . Though there is still a concentration of glycogen in the nucleus of Wenyonia, it is not present within a single, well-defined "nuclear vacuole", so characteristic of other caryophyllids. The significance of this difference has yet to be understood, given that a well-defined "nuclear vacuole" is observed in over 50 caryophyllid species and has been considered a diagnostic feature of the Caryophyllidea (Mackiewicz 2003) . The presence of nuclear glycogen in W. virilis, however, is consistent with the condition found in other caryophyllids and may simply represent a variation of the more wide-spread occurrence of the vacuole configuration. It remains to be seen if all other species of Wenyonia have this same vitellocyte nuclear structure, or that it occurs in other caryophyllidean genera from Africa, such as Monobothrioides.
Vitellocytes of lower cestodes have essentially two important functions during embryonic development (1) formation of hard egg-shell, and (2) supplying nutritive reserves for developing embryos (Świderski et al. 1970a, b; Świderski and Xylander 2000; Poddubnaya et al. 2005; Świderski and Mackiewicz 2007a) .To what extent egg formation and subsequent development can be influenced by the different configuration of the nuclear glycogen in vitellocytes or the morphology of the uterus of Wenyonia is not known. In the case of W. virilis, vitellogenesis and regulation of the formation of a hard, operculated egg-shell may be greatly influenced by the presence of in utero embryonation, a lack of uterine glands or an extended time for egg passage through the uterus.
Intrauterine embryonation of eggs in the Caryophyllidea is rare, being consistently reported only from Archigetes, Wenyonia and Dombangia (Mackiewicz 1972) . On rare occasions, however, embryonated eggs have also been observed in Hunterella and Biacetabulum (Mackiewicz 1972) though the usual condition is to lay unembryonated eggs (personal observation, JM). Little is known of the embryonic development of W. virilis, however, some information may be obtained from the drawings of Woodland (1923) . His figures 11 and 21 of intrauterine eggs of W. virilis and W. acuminata, respectively, have several large dark granules resembling nuclei of blastomeres; it may indicate that at least the first cleavage divisions and early embryo development takes place in utero. Woodland (1926) did not see any hooks in the embryos. Our observation of stained sections of intrauterine eggs, corroborate Woodland's observations. In Dombangia, the intrauterine eggs may even develop to the hook bearing stage (Bovien 1926) . In order for in utero embryonation to take place, it may be that glycogen utilization is accelerated more when glycogen is diffusely distributed in the nucleus rather than in a "nuclear vacuole".
Uterine glands are recorded for all caryophyllid genera except Wenyonia and Stocksia (Oros et al. 2008) . The site of embryonation in Stocksia is not known. The presence of uterine glands in Dombangia and Archigetes, where in utero embryonation is well established, is in strong contrast to the condition in Wenyonia. Until we know the function of uterine glands in the Caryophyllidea, it is difficult to speculate on their influence, if any, on the embryonation process.
It should be noted that the uterus is unusually extensive in Wenyonia and Dombangia, often extending to one-half or more the pre-ovarian distance. Eggs in a such a long uterus would not only have more time to develop in utero before being expelled, but they may also have greater contact with possible influences of the uterine glands. Like these two genera, the uterus is similarly extensive in Notolytocestus and though it has uterine glands, like Dombangia, the eggs of Notolytocestus are not embryonated in utero (Mackiewicz and Blair 1980) . Clearly, the possible significance of intrauterine embryonation, absence of uterine glands, having an extensive uterus, or lacking a "nuclear vacuole", on vitellogenesis, must await further knowledge of the development and biology of Wenyonia.
Vitellogenesis is intimately related to the character of the fertilised egg. Although the caryophyllidean eggs belong to the polylecithal type (Świderski and Mackiewicz 2007b) , they contain much fewer vitellocytes per fertilised oocyte than occur in the pseudoplyllidean Bothriocephalus clavibothrium (Świderski 1994a) or in the digenetic trematodes Schistosoma mansoni (Świderski 1994b) and Fasciola gigantica (Świder-ski et al. 2004b) . In these two trematode species, about 20 to 30 vitellocytes take part in egg formation. Based on study of serial sections of the gravid W. virilis, we estimate that there are 8-12 vitellocytes per egg. In other caryophyllidean species there are usually less than 10 vitellocytes taking part in egg formation. For example, Biacetabulum macrocephalum and Hunterella nodulosa, respectively, have 3-5 and 8-11 vitellocytes per ovum (Mackiewicz 1972) , Tholophyllaeus johnstoni has 5-7 (Mackiewicz and Blair 1980) , Glaridacris vogei has 6-7 (Mackiewicz 1976) and Isoglaridacris calentinei has 4-6 vitellocytes per egg (Mackiewicz 1974) . It has yet to be determined to what extent the character of the nucleus, total amount of glycogen and the size of egg-shell clusters in vitellocytes may influence the number of vitellocytes in an egg of W. virilis.
As illustrated in Table I , the nutritive material of Wenyonia vitellocytes, like that of all other caryophyllidean species so far examined, is composed exclusively of glycogen, with no trace of lipids which are frequently observed in other cestode orders. Mature vitellocytes of other lower cestodes can have nutrient reserves represented exclusively by a large amount of lipid droplets, as described in Amphilinidea, or by different proportions of both lipids and glycogen, as described in other species (see Table I ). As confirmed by our recent cytochemical studies (Świderski et al. 2006 a, b; 2007) , the mature vitellocytes of three species Trypanorhyncha: Dollfusiella spinulifera, Progrillotia pastinacae and Parachristianella trygonis, show the presence of different proportions of cytoplasmic glycogen and lipids in different species. We believe that having only glycogen as the nutrient material of caryophyllid eggs reafirms the singular nature of the monozoic eucestodes.
Compared with previous TEM and cytochemical studies on vitellogenesis of other groups of cestodes, our study with W. virilis reveals that the phylogenetic implications and analysis of the results of such studies are becoming more complex. Indeed, a group of cestodes (Caryophyllidea), previously thought to be characterised by having a "nuclear vacuole" in vitellocytes, has now been found to have a species that lacks this structure. It is becoming evident that in addition to using phylogenetical factors, one must take under consideration also the life cycle, environmental and genetical factors to better assess phylogenetical interrelationships. Unfortunately, the overlapping of the results from such an approach may produce a rather unclear picture of evolutionary relationships. Nevertheless, in our opinion, analysis of evolutionary relationships should not be based only on a single character, such as vitellogenesis, but it must include the results of other morphological and molecular data.
